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Abstract: Locomotion systems with variant constraints are familiar in real world applications, but the
dynamics and control issues of variant constraint systems have not been sufficiently discussed to
date. From the viewpoint of Lagrange-d’Alembert equations with additional variable constraints,
this paper investigates the modeling approaches of a class of hybrid dynamical systems (HDS) with
instantaneously variant constraints and the switching control techniques of stabilizing the HDS
to given periodic orbits. It is shown that under certain conditions there possibly exist zero impact
periodic orbits in the HDS, and the HDS can be stabilized to the period-one orbits by a linear controller
with only partial state feedback, even though the HDS are generally underactuated nonholonomic
systems. As an example, a one-legged planar hopping robot is employed to demonstrate the main
results of modeling and control of a class of HDS.
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1. Introduction

Variant constraint systems, such as structurally reconfigurable systems, soft body locomotion
systems, and contact or collision systems and so on, are familiar in real world applications. The variant
constraint systems (VCS) are generally heterogeneous multi-mode systems and contain state jumps
in the dynamics of the systems. Thus, the VCS is essentially a class of hybrid dynamical systems
(HDS) [1,2].

Although the investigations about the HDS have been ongoing for more than thirty years [3],
the dynamics modeling of general HDS has not been thoroughly discussed so far. For the VCS,
a reasonable model can be used to analyze the dynamical behaviors of the systems, which can provide
useful information for improving the mechanisms/structure designs and simultaneously reducing
the complexity of synthesizing the control laws. Unfortunately, to date, a systemic approach of
modeling the general VCS has not been presented. As shown in [1], many examples of HDS were
presented, but the issues of modeling hybrid systems were discussed case by case. Hyon and Emura [4]
briefly presented the modeling approach of the hybrid dynamics of a passive one-legged running
robot, and did not mention the theoretical basis of the approach. In a monograph [5], Sadati et al.
introduced the impact model of several kinds of dynamical legged robots in brief and the main
contents of the monograph are motion planning and hybrid control issues of the HDS. In literature [6,7],
Hurmuzlu et al. addressed the modeling and control approaches of the HDS with the background of
the biped robots. Following the modeling approach presented by Hurmuzlu [6], Grizzle et al. [8,9]
stablized the HDS of biped robots with the finite time controllers. From a viewpoint of nonlinear
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control [10], the VCS are generally a certain kind of nonholonomic system since a VCS usually has
relatively fewer constraints in one mode while has more constraints in another mode, and the additional
constraints themselves are possible nonholonomic constraints [11]. Brockett’s necessary condition [12]
points out that the nonholonomic systems can not be stabilized by any smooth time invariant pure
state feedback; thereafter, the presented controllers for nonholonomic systems commonly employ
non-smooth feedback [11,13-15] or time varying feedback [11,16-18]. However, it is interesting that
many theoretical or experimental investigations, such as the legged running robot systems [4,5,9],
have shown that the underactuated nonholonomic systems [19] could be stabilized to certain time
varying trajectories by switched linear controllers. The switched linear controllers [20] are a class of
discontinuous controllers that do not violate the Brockett’s necessary condition. Therefore, as it is
revealed in this paper, from a standpoint of switching control, under certain conditions, the complex
VCS can be stabilized to certain periodic orbits by simple switched linear controllers with only
partial state feedback in a time-sharing manner. This point is appealing in practice and supports the
innovations of the VCS in a broader field well.

The remainder of this paper is organized as follows. In Section 2, modeling the hybrid dynamics
of underactuated systems with variant constraints is discussed. It is shown that the impulse caused
by the instantaneously variant constraints of the HDS can be explicitly calculated with the help of
the concept of differential inclusions [21], so that searching for a time varying trajectory with zero
impulse is possible, and the special time varying trajectory can be utilized to improve the energy
efficient of a locomotion system. In Section 3, the switched linear control approaches for stabilizing
the VCS are proposed. We show that the closed-loop stability of tracking trajectory for the HDS can
be systematically investigated under the frame of switching control [22]. The benefits from the frame
of switching control at least include that the relationship between the closed-loop stability and the
characteristics of the subsystems in HDS can be analyzed in depth [23], and the substantial foundation
of the switching control theory can provide good support for developing the relevant techniques of
the HDS. In Section 4, as an example, the modeling, motion planning and stable hopping control of
one-legged hopping robots are discussed in detail. Finally, in Section 5, the conclusions of this paper
are presented.

2. Hybrid Dynamics of Underactuated Systems with Variant Constraints

This paper investigates the following system given by the Lagrange-d’Alembert equations [11,24]

iag(;l) - ag((f) = W(q)A + Bu, 1)
where L(q,q) = T(q,q) — V(q) is the Lagrangian, T(q, q) is the kinetic energy, V(q) is the potential
energy of the system, q € R" is the generalized coordinates, A € R™ is a vector of Lagrange multipliers,
W(q) € R"*™ is a functional matrix, B € R"** is the input matrix, and u € R* is the control input of
the system. The term W(q)A in the right side of Equation (1) denotes the generalized forces caused
by external constraints, which are usually introduced by certain interaction between the mechanical
systems and the external environment, such as sliding, rolling, elastic or inelastic collision and so
on, thus the external constraints are variable. Under the case W(q)A = 0, the corresponding system
(1) is called under the least constraint mode. Otherwise, for the case W(q)A # 0, the system is
called under the full constraint mode. When W(q)A # 0, as that systematically discussed in [11,24],
there necessarily exist m constraint equations

W' (q)q=0. ¢)
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If the constraint Equation (2) is integrable, then there exist m algebra equations h(q) =
(h1,h2, ..., hy)T = 0 that satisfy

T _ dh(q)
W(q) = “3q ®)
Then, system (1) is called a holonomic system. Otherwise, system (1) is a nonholonomic system if the
differential constraints Equation (2) are non-integrable.
In order to analyze the state jumps before and after the constraint variation, define ¢, and t;,
to be the time just after and just before the constraint variations, respectively, At,. = t3. — t;. is the
interval of constraint variation, and define

A= Adt 4)

to be the vector of the impulse caused by the constraint variation. In this paper, it is also supposed that
the constraint variation is instantaneously completed, that is, At,. ~ 0, and

dq(t)/dt € F(t,q(t)), |F(t,q(t))] <6 (5)

forallt € { S } ,where § > 0is a positive constant, dq(t) /dt € F(t, q(t)) is called the differential
inclusions [21]. According to the existence theorem of solutions of discontinuous systems (referring to
Theorem 1, chapter 2 of [21]), the solution q(t) of the differential inclusions Equation (5) is absolutely
continuous, that is, at the instant t,., the coordinate variables q(f,.) do not change

q(tl) = q(t,,) forall t¢c { A } (6)

For system (1) with the variant constraints Equation (2), the impulse Equation (4) can be
analytically calculated due to the following result.

Theorem 1. (Impulse calculation for general systems with variant constraints)
For system (1) with variant external constraints Equation (2), if Aty. = 0, then the impulse Equation (4)
caused by the constraint variation is explicitly given as

~ -1
A= [WiaM'W(a)| W(@alt) @)
for adding constraints, and
- -1
A= Wi @M 'W(q)| W(@a(t) ®)
for reducing constraints.

Proof. It is intuition that the following equation is satisfied:

wvia) _

K ©

In addition, considering assumption Equation (5) and using condition Equation (6), we can
conclude that

oL(q,9) _ IW(q) _
~oq =0 5 =0 (10)
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for all t € Aty since the Lagrangian L(q) and the constraints W(q) are invariant during the instant
t € Atyc. By integrating system (1) on every interval At,. [6,7], we have

M- A = W(q)i, (11)
where
Aq = q(t) — q(t)- (12)

Combining with Equations (11) and (12), it follows that

q(tc) = a(te) = MTTW(q)A. (13)
From Equation (2), we have
Wi(q)q (i) =0 (14)
for adding constraints, and
WH(@)q (ko) =0 (15)

for reducing constraints.
Substituting Equation (13) into Equation (14), it follows that

WH(q)q(ts) + W (@M 'W(q)A =0. (16)
Then, Equation (7) can be obtained. Substituting Equation (13) into Equation (15), it follows that
WH(q)q(ts) = W (@M 'W(q)A. (17)

Then, Equation (8) can be obtained. This completes the proof. [

For the underactuated systems considered in this paper, we partition the generalized coordinates
into q = (qx,qs) € "~ x R}, of which qy is called the external variables and the external variables
are assumed to be passive, and q; is called the shape variables and the shape variables are assumed to
be actuated. The shape variables are defined to be the variables that are shown in the inertia matrix
M(qs) of the system. Otherwise, the coordinates q, that are not shown in M(qs) are defined to be the
external variables. Based on the definitions suggested by Reza Olfati-Saber [25], system (1) can be
partitioned as

d oT oV _
e a9
aa—i—ai =Ws(q)A +u,

where u € R, W,(q) € R W,(q) € R, and both of the equations aaTTY = 0 and ?TZ =0
are utilized in Equation (18). In addition, an assumption B = (0,I;) € R"*° is also considered in
Equation (18) without losing any generality. For the underactuated system (18) with variant constraints
Equation (2), we propose the following corollary based on Theorem 1.
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Corollary 1. (Impulse calculation for underactuated systems with variant constraints)

If all the external variables of the underactuated mechanical system (18) are passive, all of the shape
variables are actuated, and the constraint variations are instantaneously completed, i.e., Aty = 0, then, for the
underactuated system (18), the impulse defined by Equation (4) can be calculated as

~ -1
A= [WiaM'W(a)| W(@a(t) (19)
for adding constraints, and
- -1
A= [WiaM'W(a)| W(@a(t) 20)
for reducing constraints.

Remark 1. The impulse A defined in Equation (4) is an important parameter for analyzing the dynamical
behaviors or designing a closed-loop controller for a variant constraint system, which is generally a hybrid
dynamical system. Since the impulse A could not be directly calculated by its definition Equation (4) due to the
uncertainties of the time interval Aty = t}, — t,, in practice, Equations (19) and (20) provide a feasible way to
explicitly calculate the impulse A caused by the constraint variations for underactuated systems, or Equations (7)
and (8) for general dynamical systems.

By combining Equations (2), (13), (18) and (19)/(20), the underactuated systems with instantaneously
variant constraints can be presented as follows:
Least constraint mode:

dar |, av _
dioa; Tog = O

{dﬁ_ﬁz (21)
dt 9gs oqs 4

Full constraint mode:

A
disq — oq = Ws(@)A +u, (22)
WT(q)q =0,

Discrete jumps:

{gwm:qmo+lemﬂ, )
A=—-(WIqMW(q)) WT(q)d(tx),
or
{9@a—qm»+mlw9ﬂ, ”
A= (WI(@M'W(q)) WT(q)q(tf).

The hybrid dynamical systems (21), (22), (23) or (24) represent broad classes of underactuated
systems in real world applications [1,3-9], and can be used in dynamics analysis, motion planning or
designing the controllers.

For many applications, energy efficiency is an important measurement index, and it is necessary
to analyze energy changes caused by the constraint variations. The changes of the kinetic energy of the
underactuated system (21), (22), (23) or (24) due to the state jumps can be written as

(25)
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By substituting Equation (13) into Equation (25) and applying Equations (14) and (15), it is easy to
show that

AT(q,4) = 5 (W(Q)A) M(q:)M " [q(t) +a(t)] - (26)

N =

From Equation (26), a useful result for the problems of motion planning and controller design of
the hybrid dynamical system (21), (22), (23) or (24) can be presented as follows.

Theorem 2. (A necessary condition for hybrid systems (21), (22), (23) or (24) with energy efficient motions)

T
For the hybrid dynamical system (21), (22), (23) or (24), if there is a state trajectory x(t) = { q 4 } (1)
ont € [0,00) and tlim q(t) # 0 so that u(t) = 0, that is, if the trajectory x(t) is a nontrivial periodical
—00

trajectory governed by the passive dynamics of systems (21), (22), (23) or (24), then for all t € [ S } the
impulse caused by the constraint variations satisfies

A(toe) = 0. (27)

Proof. Suppose A(ty) # 0 forall t € { te th }, referring to Equation (26), we can conclude that
AT(q,q) # 0 since the inertia matrix M(qs) is a positive definite matrix and W(q) is not equal to 0
for a variant constraint system. Accordingly, if the kinetic energy AT(q,q) # Oon Vt € [ [ } ,
then there must be AT(q,q) < 0 since the trajectory x(t) is governed by the passive dynamics of
systems (21), (22), (23) or (24). At the moment, it is necessary that tli_}rglo T(q,q) =3 tlglgo [@"™M(qs)q] = 0.
Consequently, because of the inertia matrix M(qs) # 0 for all t € [0,00), we can conclude that
tlij?o q(t) = 0if A(tye) # O forall t € { the e } This contradicts the given condition tlg?o q(t) #0.
Thus, the proof is completed. [

Remark 2. It is worth pointing out that the hybrid dynamical system (21), (22), (23) or (24) is obtained
based on the assumption At,. ~ 0. Otherwise, the dynamical systems should be expressed in different forms.
However, modeling the dynamics of the slow varying constraint systems is still an open problem so far.

Remark 3. On a passive dynamics trajectory x(t), there is no energy consumption because of u(t) = 0. Thus,
a nontrivial periodical trajectory x(t) governed by the passive dynamics of a hybrid dynamical system (21), (22),
(23) or (24) is useful for all mechanical systems if the time-varying trajectory x(t) is physically meaningful.

3. Control of Underactuated Systems with Variant Constraints

In this section, we discuss the control issues of the underactuated hybrid dynamical system (21),
(22), (23) or (24). Due to the Brockett’s theorem [12], which points out that a nonholonomic system can
not be stabilized by any smooth time invariant pure state feedback, now it is well known that controller
design for an underactuated system with a single mode is not even a simple task. Thereafter, to date,
almost all controllers presented in literature for nonholonomic systems adopt time-varying feedback
or non-smooth feedback. The underactuated systems (21), (22), (23) or (24) are generally some kinds of
nonholonomic systems. This is due to the fact that there are some passive degrees of freedom (DOF) in
the systems. Regardless of the control input, we have

d oT 0V
a@ + E =0 (28)
from Equation (21), and
d oT 0V
= Wx(q)/\ (29)

g, | oqe
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from Equation (22), and the differential Equations (28) and (29) are not integrable generally (except for
some special circumstances such as the external variants q, happen to be cyclic coordinates). For the
underactuated system (21), (22), (23) or (24), from the viewpoint of control, Equations (28) and (29) are
additional differential constraints with respect to the inputs if all state variables of the underactuated
systems (21), (22), (23) or (24) are simultaneously stabilized. However, from the viewpoint of mechanics,
an underactuated system with partial passive DOF usually satisfies the Lagrange equations without
the need for using any external differential constraints [24]. This is different from a traditional
nonholonomic system such as a system with rolling constraints that requires the use of Lagrangian
multipliers in establishing the dynamics [11]. We notice that a traditional nonholonomic system
commonly involves external differential constraints. However, an underactuated system brings
about nonholonomic constraints from its own dynamics, such as the underactuated systems that
satisfy the law of angular momentum conservation. Therefore, it is more reasonable that a traditional
nonholonomic system is renamed as the exogenous nonholonomic systems while an underactuated
nonholonomic system with partial passive DOF is named as the endogenous nonholonomic systems.

Before discussing the control issues of the systems (21), (22), (23) or (24), it is necessary to point
out that the Lagrange multipliers A in Equation (22) can commonly be eliminated by properly using
the dynamics under the least constraint mode and the constraint Equation (2). Then, the state space
dimensions of the system (22) under full constraint mode will reduce. Nevertheless, after eliminating
the Lagrange multipliers A, the dynamics of full constraint mode can also be expressed as the form of
Equation (21), as it should be, and the dimensions of the state space of the continuous time subsystems
in double modes are usually different.

Now, taking the control problems of the hybrid systems into consideration, some basic assumptions
are given as follows:

Basic assumptions:

(A1) The actuated DOF s of the underactuated system (21), (22), (23) or (24) in continuous-time modes
is not less than the passive DOF n —s;

(A2) All the passive subsystems (qy, qx) and the actuated subsystems (qs, §s) of the hybrid system
(21), (22), (23) or (24) in continuous-time modes are respectively globally controllable;

(A3) The constraint variations of the hybrid system (21), (22), (23) or (24) are instantaneously completed,
ie., Aty = 0.

Owing to the assumptions (A1) and (A2), without loss of generality, both the passive subsystems
and actuated subsystems of Equations (21) and (22) can be changed to a linear system with proper
dimension by certain globally diffeomorphic coordinate transformations and input changes [26],
and the corresponding equivalent system can be expressed as the following switched linear systems [22]

X; = Agxs + Bovg, (30)

where o(t) € H, H = {1,2,..., Ny} is a piecewise constant function of time, called a switching signal,
and N, is the total number of the continuous time subsystems of the hybrid dynamical system (21),
(22), (23) or (24). For the passive subsystems of the hybrid dynamical system (21), (22), (23) or (24),
the state variables in Equation (30) are given by x, = col(qx, qx) and the equivalent inputs are v, = qy,
while, for the actuated subsystems of the hybrid dynamical system (21), (22), (23) or (24), the state
variables and the inputs are given by x, = col(qs, §s) and v, = s, respectively. For Yo (t) € H,
the two matrices A, and B, are constant and the pair (A, B,) is controllable.

We consider the trajectory tracking problems for the hybrid system (21), (22), (23) or (24).
Suppose x*(t) = col(q?,q?) is a given target trajectory of the hybrid system (21), (22), (23) or
(24) on t € [0,a], where a > 0 is a constant and col(, ) represents a column vector. Define a set
S ={1,2,...,Ny}, where N, denotes the number of the discrete jumps of systems (21), (22), (23) or
(24) along the trajectory x4 (t), and define t; = tf =t (i € S) to be the instant of the state jumps,
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and Aty =t —t; = 0 due to the assumption (A3). Let At; = { th, ot } with all At; > ™ > 0,

Ny
where T is a constant, and a = ) At;; then, based on the basic assumptions, a switching controller for

i=1
the hybrid systems (21), (22), (23) or (24) can be presented as follows.

Theorem 3. If the hybrid systems (21), (22), (23) or (24) satisfy the basic assumptions, and, for a given state
trajectory x“ (t) = col(x4,x4) = col(q?,q?) on t € [0,al, there exists a set of piecewise controllers Vo(ar) (1),
o(Aties) € H so that

(A4) on the time intervals t € Aticqcs and Q # @, the errors of the closed-loop subsystem es = xs(t) — x(t)
controlled by the inputs vy () (t), t € Aticacs are globally exponentially stable and meanwhile the errors
of the open-loop subsystem e, = xy(t) — x2(t) do not increase, and

(A5) on the intervals t € Atjcg_qyand S — Q # @, the errors of the closed-loop subsystem e, = x,(t) — x%(t)
controlled by the inputs v, (a) (1), t € Aties—q are globally exponentially stable and meanwhile the errors
of the open-loop subsystem es = xs(t) — x2(t) do not increase. In addition,

(A6) if the hybrid systems (21), (22), (23) or (24) are slow switching systems, that is, the constant T* is
sufficiently large.

Then, systems (21), (22), (23) or (24) can be globally exponentially stabilized to x“ (t) by the switched
controllers v,y (t) according to the switching sequence (0 (At1), 0 (Ata), ..., 0 (Aty,)).

Proof. For the linear systems (30), the corresponding error systems can be rewritten as

ég - Ag—eU + {”g, (31)
where e, = x,(t) — x2(t) and ¥, = Ayx? — %% + Byv,. Then, by the feedback vV, = —K,e,, the error
systems (31) can be written as

ér = Age,, (32)

where the matrices A, = A, — K, are Hurwitz matrices. Thus, for all t € At;cs, the error systems of
the closed-loop subsystems satisfy

les (D)llicares < e P llea(ti-a)ll, (33)

1

where p; > 0 are positive constants that are determined by the characteristic values of the matrices Ay;
meanwhile, according to (A4) and (A5), the errors of the open loop subsystems satisfy

||e¢7(t)||teAtl-€S < llec(ti—1)[l + 4, (34)

where §; > 0 are constants that are caused by the state jumps of the hybrid systems (21), (22), (23) or
(24), and the constants ¢; are finite since the matrix Mdiag(qs) is always positive definite and the norm
|IW(q)|| has an upper bound for all smooth constraints Equation (2).

On the other hand, due to () # @ and S — Q) # &, on a subsequent interval Atjcs ;;, the state
errors §; caused by the i-th state jump can be eliminated because of the assumption (A6), which
supposes that T* is sufficiently large. Then, for the given target trajectory x?(t) on t € [0,a], we can
conclude that there exist constants 0 < p; < p;, i € S so that
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le(tllizn, < llex(t:) iz, + lles(t)lliz,
< e o™ (Jlex(D)limn,—1 + les(B)lli—n, 1)

(35)

{29)r
<e VU (flex()llizr + lles()lli=1)
< e (lex(0)l] + [les(0)]) -

This completes the proof. [

Remark 4. Theorem 3 reveals that a class of the underactuated systems with variant constraints can track
certain time varying trajectory by switched linear controllers with only partial state feedback in a time-sharing
manner, even though the underactuated systems under consideration are generally nonholonomic systems that
are possibly caused by either external non-integrable differential constraints or internal dynamics of the passive
subsystems (28) and (29). Thus, the presented switched linear controllers are essentially a class of discontinuous
nonlinear feedback controllers [27]. 1t is interesting that the HDS (21), (22), (23) or (24) could be stabilized to
a time-varying trajectory by the presented switched linear controller, but the presented controllers could not
stabilize the systems (21), (22), (23) or (24) to time invariant equilibrium points since the full state variables
should be stabilized simultaneously.

For many applications in practice, energy-efficiency is an important index. On the other hand,
from a viewpoint of the closed loop systems, the larger energy consumption in steady motions of a
controlled system often means the less of stability margin of the system. Thus, it is useful to search
for an energy efficient trajectory of the hybrid systems (21), (22), (23) or (24) so that the stabilizing
conditions of the switched linear controllers presented in Theorem 3 could be further relaxed. To this
end, we present the following statement.

Theorem 4. If the hybrid systems (21), (22), (23) or (24) satisfy the basic assumptions, and, for a given state
trajectory x (t) = col(x4,x?) on t € [0, a], there exists a set of piecewise controllers Vo(a)(t), 0(Aties) € H
so that

(B1) at the instants t;g, the impulses due to state jumps satisfy A(tics) = 0, and

(B2) on the time intervals Aticacs, Q) # @ and Q) # S, the error convergence rates of the subsystem eq(ay,)
controlled by the inputs Vy(ay,)(t) in closed-loop mode are larger than the error divergence rates of it on the
time intervals Atjcs_q in open loop mode, and for all state variables, the total time in closed-loop mode

equals to that in open loop mode, that is, Y, At; = Y. At;. In addition,
ieQ) i€S—Q

(B3) if the hybrid systems (21), (22), (23) or (24) are slow switching systems, that is, the constant T* is
sufficiently large.

Then, systems (21), (22), (23) or (24) can be globally exponentially stabilized to x (t) by the switched
controllers vy, (t) according to the switching sequence (0 (At1), 0 (Ata), ..., 0 (Aty,)).

Proof. Referring to systems (23) and (24) and considering the condition (B1), we can see that the state
jumps are zero. This is possible since the solutions (q, q) of the following equations

(Wi(@M (@)W(@) W (@dt) =0 (36)

and

(Wi(@M (@)W(@) W (@d(t,) =0 @7)
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generally exist and not unique. Without loss of generality, suppose the closed-loop systems on the
intervals At;cncs happen to be the passive subsystems. According to the condition (B2), and referring
to Equation (33), the errors of the closed-loop subsystems satisfy

llex(t)llrear, < e Pl [lex(tiz1)]l, (38)

where p; > 0 are positive constants that can be determined by the characteristic values of the matrices
A,; meanwhile, the errors of the open loop subsystems have relationships

lles()llenr, = i |les(tio1)ll, (39)

where ; > 0 are also positive constants. On the other intervals, At;c5_q, the closed-loop subsystems
should be the actuated subsystems, and the errors of the closed-loop subsystems satisfy

lles(t) lenr, < e lles(tiza)ll, (40)
where a; > 0 are constants; meanwhile, the errors of the open loop subsystems have relationships
lex(®)llicar, = " llex(tia)ll (41)

where B; > 0 are also constants. Note that the four groups’ constants p;, 7v;, «; and p; satisfy the
following relationships because of the given condition ), At; = Y, At; of (B2),

ieQ) ieS—Q
Y (pidti) > ). (BiAty) (42)
ieQ) ieS—Q
and
Y. (b)) > ) (1idt;). (43)
€S-0 icQ
Therefore, on the interval [0, a], the errors of systems (21), (22), (23) or (24) can be estimated by
le(t)llimn, < llex(ti)llizn, + lles(t)[li=n,
(— L (pidti)+ ): (Bidt )
< i€eS—
=¢ lex (44)
<Z (ridt;)— E (a;Art;) >
+e i€Q) i€S— ||eS
= e [lex(0)[| + ¢ [les(0)]],
where
po=—)_ (0idt) + Y (Bidt) (45)
ieQ) ieS—Q
and
Yo=Y, (ridti) — ) (widt;). (46)
ieQ) (1SS0

From Equation (43), it is directly shown that pg < 0, and 7o < 0. This completes the proof. [

Remark 5. Theorem 4 shows that the stabilizing conditions presented in Theorem 3 can be relaxed if the motions
of the controlled system satisfy the zero impulse condition Equation (27) [28]. In Theorem 4, the open loop
subsystems are permitted to be unstable while they satisfy certain conditions. More importantly, by combining
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Theorems 2 and 4, it is not difficult to find that the hybrid dynamical system (21), (22), (23) or (24) could be
stabilized to a smooth periodic orbit that is governed by the nature dynamics of the system while the periodic
orbit also satisfies the zero impulse condition Equation (27).

4. Dynamics and Control of Planar One-Legged Hopping Robots

4.1. The Hybrid Dynamics of a Planar One-Legged Hopping Robot

In order to demonstrate the applications of the main results presented in the preceding sections,
a planar hopping robot system [4], as shown in Figure 1, is employed to achieve this goal. The hopping
robot has a single actuated linear spring leg and a rotational actuated body, and a torsion spring
is installed in the hip joint. Suppose the mass of the leg and the body are m; and m;, respectively,
while the foot is massless. The moment of inertia of the leg and the body are J; and ]}, respectively.
The length of the leg is [, and its nature length is /y. The spring stiffness of the leg is k; and the stiffness
of the hip spring is kj,. For the purpose of simplicity, the center of mass (CM) of the body and the leg are
designed just on the hip joint, and the mass of the springs is supposed to be negligible. The generalized
coordinates of the hopping system are defined to be (x,z,6, ¢,1), where (x,z) denotes the position
of the foot tip, 6 represents the angle between the leg and the horizontal plane, ¢ represents the
angle between the body and the leg, and the positive direction of all angular variable is defined to be
counter clockwise.

The dynamics of the hopping robot in flight phase can be expressed as

mic,; =0,

MZey = —Mg,

(Ji +1Tv) 0+p =0,

Jo0 + Jp¢ + kn(¢ — 9o) = 17,

(47)

where 7y is the input torque of the hip joint, and the position of the CM of the robot is given as

Zxm =z +1sin (6). (48)

{ Xem = x +1cos (),

o ‘ i X
Figure 1. Model of a planar one-legged hopping robot.

Note that, in flight phase, the length of the leg is | = Ij since the leg can not be controlled in flight
phase. Nevertheless, in stance phase, Equations (48) are the holonomic constraints of the hopping
robot. Thus, the Jacobian matrix W(q) of Equation (2) can be written as follows by Equation (3):

|1 0 Isin(h) 0 —cos(h)

wia) = 0 1 —lcos(f) 0 —sin(h) 49
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and the constraint forces are
A =col (Ay, Az). (50)

Thus, the dynamics of the hopping robot in stance phase can be written as

M¥em = Ay,
MZey = —mg + Az,
(Ji+Jp) 0+ Jpé = Aylsin (6) — Al cos (6), (51)

Jo0 + Jo§ + kn(@ — 90) = 7,
Axcos (0) + Azsin(0) = 0.

By the constraint Equation (48) and the first two equations of Equation (51), the constraint forces
(Ax, Az) can be resolved, and then the dynamics Equation (51) can be simplified to

(J + Jp -+ mi2) 6 + J, ¢ + 2mli6 + mgl cos (8) = 0,
Jo0 + Jo¢ + kn(9 — @o) = T, (52)
m (I — 1) +mgsin (8) + k(I — o) = F.

We can verify that the dynamics Equation (52) are the same as that derived directly from the
Euler-Lagrange equations. In order to get the equations of the state jumps for the hopping robot,
from Equation (11), we have

MAX e = Ay,
MAZey, = Ay,

(i +Jo) A6 = Ayl sinf — Azl cos (8), ”
JoA¢ =0,
where
;\X = —p Sil’l (9) ’
) 4
{ A = peos (6), "

since the impulse p is perpendicular to the longitudinal axis of the leg, while, along the axis of the leg,
the impulse can be absorbed by the springs of the robot. Substituting Equation (54) into Equation (53),
it follows that

MAx ey, = —psin (0),
MAZey, = pcos (6),
(Ji +Jp) A6 = —plo,
JyAg = 0.

(55)

Then, during the constraint variation interval At,. = tj. — t;., the changes of the speed of the
generalized coordinates can be written from Equation (55) as

sin[@(tﬁ)]

xcm(t;_c) = Xem(toe) — m o P,

. . — 0 e

Zon (He) = Zom(tic) + elftell, (56)
0(tsc) = 0(tac) — 775 P
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where 6(t%.) denotes 8(t}.) = 0(t,.). On the other hand, from the constraint Equation (48), it is easy
to show

{ on(£50) = 1(t5) cos [0(15)] + o0(1;)sin 0(55)] = O, -
o (1) — () sin [0(55)] — 00(£L) cos 0(5)] = 0

From Equation (57), it can be deduced that
tem(tle) sin [0(£2)] — Zem (te) cos [0(ta)] + 1oB(tf) = 0. (58)

Substituting Equation (56) into Equation (58) and doing some simple calculations, the impulse
can be calculated as

p= m (Ji +Jb)

————=X(ty), 59
Il+]b)+ml(2)X( 2c) (59)

where

X(toc) 1= Xem (ty) sin [0(t0)] — Zem (tyc ) cos [0(£0)] + 100 (£ (60)

Then, substituting Equation (59) into Equation (56), the equations of state jumps caused by the
constraint variations can be given as

. . _ +Jp) sin[0(t _
xcm(tvc) = xcm(tvc) - %X(tvc)/
)

e Uit eos[e(]
Z.Cm(tvc = Zem (boe) + W (toc)s (61)
0(t) = 0(toe) — Miﬁnd%%(t&)r
P(tse) = @toc),

and [(t}) = xem(th)cosO(tL) + zem(th,) sin0(tL) for adding constraints due to Equation (57),

and I(t.) = 0 for reducing constraints. Thus, the hybrid dynamics of the hopping robot are composed
of Equations (47), (52) and (61).

4.2. Motion Planning for the One-Legged Hopping Robots in Steady Locomotion

By introducing springs into the hopping robots, as shown in [29], it is possible for the robots to
realize steady hop motions without using large control inputs, while the steady motions are primarily
governed by the nature dynamics of the dynamical systems. As seen in the last subsection, the hopping
robots are hybrid dynamical systems and the variant constraints of a locomotion system generally
result in large state jumps that can easily destroy the stability of the controlled system. In order to
realize energy efficient locomotion so that the control inputs can be reduced to a reasonable level
and the stability of motions could be improved effectively, it is necessary to carefully plan the target
locomotion trajectory of the hopping robot.

A steady continuous motion process of the hopping robots is commonly a periodic motion, which
is roughly composed of two harmonic oscillators with different nature frequency, and every motion
cycle is composed of four phases, flight phase, touchdown, stance phase, and lift off. During flight and
stance phases, the motions of the hopping systems can be controlled, while, in touchdown and lift
off phases, the hopping systems can not be controlled due to the short intervals of constraint changes.
During stance phases, the nature frequency of the spring leg is

w) = \/kl/ﬂ”l, (62)
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so the resonance time period of the linear spring leg is

TSZZTE/(UI:ZT[ m/kl. (63)

As illustrated in Figure 2, the thick line segment represents the time-amplitude curve of the
linear spring leg in stance phase of a motion cycle. Suppose the length of the leg at the instants of
touchdown and lift off is the nature length [y, the duration of stance phase is T, the initial phase-angle
of the harmonic vibration of the leg is ¢, and the vibration amplitude of the spring leg is I, then the
oscillations of the linear leg in stance phases can be approximately expressed by

l(t) = (ZO - mg/kl) + I Sin(wlt + (Pl)r Z(O) =lp, (64)
and the speed of the linear leg is approximately given by
[(t) = Lywy cos(wit + ¢y), 1(0) = 1(t), (65)

where [(t,) is the compress speed of the linear leg at just after the touchdown. By using the two initial
conditions of Equations (64) and (65), the two undetermined parameters /,; and ¢; can be resolved as

_ mg
> = e () (€6)

mgw;
kil ()

(])l—n—atan(

From Figure 2, the duration of a stance phase can be calculated as

1
Tv = ETS + Zt(p[, (67)
where ty, = wi’asin (kr,nTm)
/ T
I, 7\ v
l,—mg/K, ] = 7 e :
T | L

touchdown lift - off

Figure 2. Diagram of harmonic vibration of the linear spring leg.

Both in stance phase and flight phase, the vibrations of the hip joint should follow the same
harmonic oscillation, but with different initial phase angles. By the dynamics of the hopping robot in
flight phases Equation (47), the nature frequency of the hip joint can be calculated as

wp =k (1/ ]y +1/]1)- (68)

However, the duration of a flight phase is determined by the lift off speed of the robot, and is
given as

Ty =22,/8. (69)
Then, the time period of the hopping motions is

2

T=To+Tp="".
h

(70)
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Similar to Figure 2, the angular motions of the body and the leg can be analyzed in Figure 3,
where the thick line segment denotes the flight phase in a hop cycle. From Figure 3, it is easy to show
that the angle trajectory of the leg in the flight phases can be written as

0(t) = g + Asin(wpt + ¢g) (71)

and satisfy the boundary conditions
s s
00) = 2~ B, O(-To) = 2+, 72)

where § is the swing amplitude of the leg in the hop cycles and is always given by the
control commands.

6“ T(pﬂ
72+ B \

72 >
22— B 0 2r 3r
|,

Bl T L

Figure 3. Diagram of the angular motions of the hopping robot.

By using the initial conditions Equation (72), the undetermined parameters A and ¢y of
Equation (71) can be resolved as

_ .1 __ B
Pg =T zthy,A = n ((Pg) (73)

for the stance phases t € { 0 Ty ], and

_ 1 _ B
P =T+ Ethv’A = s (479) (74)

for the flight phases t € [ 0 Ty } . Since during the flight phases the angular motions of the hopping

robots satisfy the law of angular momentum conservation, from Equation (47), the angular speed of
the body is determined by

Jo+ 11 4
0(t),
7 (t)

where we suppose the initial angular momentum of the robot at lift off is zero. The angular position of
the body should be

OEE (75)

q[)(t):g_]b;;]l

and the parameters A and ¢y in Equation (76) are given by Equation (73) for the stance phases,
and given by Equation (74) for the flight phases. Note that there already exists a phase difference 77 in
Equations (71) and (76) since the speed directions of the body and the leg are contrary.

Asin(wpt + ¢p), (76)
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4.3. Hopping Control of the One-Legged Planar Robot

As shown in Section 3, for a hybrid dynamical system, it is possible to control the system to
certain time varying trajectories by partial state feedback and time-sharing patterns. For the one-legged
hopping robot system considered in this paper, the time of continuous dynamics modes (stance and
flight phases) is very limited, which do not exactly satisfy the condition (A6) of Theorem 3 or (B3) of
Theorem 4. Thus, the state jumps caused by the constraint variations of the hybrid systems can quickly
destroy the stability of the closed-loop hybrid systems. However, for the one-legged hopping robot
system such as that illustrated in Figure 1, we can use the following two level control approaches to
stabilize the periodic hopping systems.

During the continuous dynamics modes, linear controllers with only partial state feedback are
utilized on the basis of the Theorems 3 and 4. That is, in stance phases, the variables I(t) and ¢(t) of
the robot will be controlled to their target motions, while the rotational motions 6(t) of the leg will be
open loop. Thus, the controller in stance phases is

T =Jp (1 - m) <¢d(t) —kiep — k2é<p)
B ]b[2mll'9'+mglcos(9)}

—rtlytmi +hn(e = o), (77)
F=m (ld(f) — kze; — k4él) — mlo? + mg sin (0)
+ ki (1—1p),

where e, = @(t) — ¢(t), e = 1(t) — 1%(t), t € [ 0 Ty }, and k; (i =1,...,4) are positive constants.
In flight phases, the angle of the leg is only controlled to the given trajectory %(t) in closed loop so
that the robot lands in right states, while the body is actuated in open loop by the opposite reaction
of the leg. In flight phase, the length of the leg does not change, i.e., [(t) = Ip. Thus, the controller in
flight phases is given by

=] <9d(f) — ksep — ksG’e) + kn(¢ — ¢o), (78)

where eg = 0(t) —0%(t),t € [ 0 Ty } ; ks and kg are also two positive constants. Note that the feedback
gains k; (i =1,...,6) can easily be obtained by the approaches of linear quadratic optimal regulators
(LQR). In order to stabilize the one-legged robots to a desired periodic orbit trajectory, an adaptive
controller with discrete time feedback is applied to stabilize the leg’s attitude in stance phases

O (k) = 60 + r2(k)Eg, (k) +r3DEg, (k),

ra(K) = ro + rux(K), @)

where k is the current times of touchdown, 6y, (k) is the desired angle of the leg at the instant of
touchdown, Eg (k) = 6,(k) — 6;,(k — 1) is the change of the leg angle at the instant of lift off,
and DEjy, (k) is defined to be DEy, (k) = Egq, (k) — Eq, (k — 1), ro, r1 and r3 are adjustable positive
constants, and 6 is determined by the desired locomotion speed of the robot and is approximately

xCWl TZ}

givenby 6y = T +atan ( i
Suppose the physical parameters of the robot model as that given in Table 1, and the initial states
of the robot are given by

(xCM/ Zsz 9/ 90/ l/ xcm/ Z’Cﬂ’l/ é/ (P/ l) t=0 =

(0,10,5 - 1%, 5 + 1%,0531,17,0,0,0,0), (80)
where (Xcm,Zem);—g = (0,1.0) is the initial position of the CM of the robot, (6, ¢,1),_,
(% - %,g + 11%,0.531) is a given initial configuration of the robot, (xcm,z'cm,é, ¢, i) o =
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(1.7,0,0,0,0) is the initial speed of the robot. Then, by applying the linear controllers (77), (78) and
(79), some numerical simulation results of stabilizing the hopping robot to locomotion with moving
speed about 2.0 m/s are illustrated in Figures 4-9. Differential equations are solved by employing the
well-known Runge-Kutta algorithm.

25
SRAAIAR A
=, 1.5 b ) A
/—g 1\_/ L \_ \/ N -
S
§: 05
S U/ Ve
0
39 40 41 42

time(s)

Figure 4. Coordinate trajectories of the robot in a stable hopping orbit.

20 .
A 8 P -t
] e R e e 12
Z i i
Y -20 4
’g -40 RN
z Voo
heg -60 v v v
-80 ;
39 40 41 42

time(s)
Figure 5. The inputs of the robot in a stable hopping orbit.

Table 1. The model parameters of the hopping robot.

Name Symbol Value Unit
Mass m 12.0 kg
Gravity acceleration g 9.8 m/s?
Nature length of leg Iy 0.531 m
Inertia of body I 0.8 kgm?
Inertia of leg Ji 0.15 kgm?
Stiffness of leg spring K; 3000 N/m
Stiffness of hip spring Kj, 10 Nm/rad
1 .
§ 0.3 AR —y—
0 i

i
73 735 74 74.5 75 75.5 76 76.5 7 775 78
x(m)

Figure 6. Animations of the one-legged robots in hooping with locomotion speed about 2 m/s.
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Figure 7. Values of the state jumps measure (60) of the one-legged robots.
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Figure 8. The stable orbit of the variable I().
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Figure 9. The stable orbit of the variable 6(t).

Figure 4 shows the trajectories of the variables (6, ¢,!) in the last three cycles of fifty hops in
total, Figure 5 illustrates the corresponding control inputs, and Figure 6 plots the animations of the
robot in the last three hops. The state jumps measure Equation (60) of the controlled robot system is
illustrated in Figure 7, which shows that the state jumps at touchdown phase finally converge to zero.
In other words, the hopping robot is stabilized to a periodic orbit with zero impulse at touchdown
phases, so that the energy efficiency of the hopping system is improved and the maximum of the
inputs is reduced to a reasonable level (referring to Figure 5); otherwise, the maximum of the inputs
will be very large under closed-loop mode. However, the nonzero inputs of the robot in stable hops
are caused by the approximate target trajectory Equation (64) since the spring leg in stance phase is
actually an oscillating system with variant stiffness. Referring to Equation (52), the actual equivalent
stiffness of the linear spring leg should be k; = k; — mf(t)?. In addition, as examples, Figures 8 and 9
also respectively show that the state variables (I(t),I(t)) and (6(t),6(t)) are stabilized to a period
one orbit.

5. Conclusions

From the viewpoint of Lagrange-d’Alembert equations with additional constraints, this paper
investigates the modeling approaches of a class of VCS with instantaneously variant constraints,
and the switching control techniques of stabilizing the VCS to given periodic orbits. We show that
under certain conditions the VCS are essentially a class of HDS, and there possibly exist periodic orbits
with zero impacts, so that the HDS can be stabilized to period-one orbits by linear controllers with
partial state feedback, even though the HDS are generally underactuated nonholonomic systems in
time continuous modes. These new discoveries point out that:

(a) inan HDS, there generally exist time-varying trajectories without impacts, and,

(b) if the zero impact trajectories are physically meaningful, then the controlled HDS can be stabilized
to the zero impact trajectories by simple switched linear controllers, and

(c) the zero impact trajectories provide high energy efficient locomotion modes since the energy loss
caused by impacts is avoided.
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In addition, by a one-legged planar hopping robot, the main results of modeling and control
approaches for the HDS are discussed in detail, and the numerical simulation results are in good
agreement with the conclusions of this paper. In order to use the proposed control approach in practice,
improving the robust stability of the closed-loop system and applying the pulse control [30] should be
further considered.

Author Contributions: Conceptualization, G.H.; methodology, T.S. and G.H.; software, T.S. and X.L.; validation,
L.Z. and Q.Z; investigation, G.H. and T.S.; data curation, L.Z. and T.J.; writing—original draft preparation, G.H.
and T.S.; writing—review and editing, T.S. and X.L.; funding acquisition, G.H. and T.S.

Funding: This research was partially supported by the National Nature Science Foundation of China under
Grant No. 51775002, the Nature Science Foundation of Beijing under Grant Nos. 1172001, 3172009, and 3194047,
and the Open Project Program of the State Key Laboratory of Management and Control for Complex Systems
under Grant No. 20190101.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

VCS  Variant constraint systems
HDS Hybrid dynamical systems
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CM  Center of mass
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